Twist states ofBacillus subtilis macrofibers were found to vary as a function of the concentration of Du-alanine in the medium during growth. L-Alanine in the same concentration range had no effect. Increasing concentrations of D-alanine resulted in structures progressively more right-handed (or less left-handed). All strains examined in this study, including mutants fixed in the left-hand domain as a function of temperature, responded to D-alanine in the same way. All twist states from tight left-to tight right-handedness could be achieved solely by varying the D-alanine concentration. The D-alanine-requiring macrofiber strain 2C8, which carries a genetic defect (dal-l) in the alanine racemase, behaved in a similar fashion. The combined effects of D-alanine and ammonium sulfate (a factor known to influence macrofiber twist development in the leftward direction) were examined by using both strains able to undergo temperature-induced helix hand inversion and others incapable of doing so. In all cases, the effects of D-alanine predominated. A synergism was found in which increasing the concentration of ammonium sulfate in the presence of D-alanine enhanced the right-factor activity of the latter. A D-alanine pulse protocol provided evidence that structures undergo a transient inversion indicative of "memory." Chloramphenicol treatment inhibited the establishment of memory in the D-alanineinduced right to left inversion, supporting the existence of a "left twist protein(s)" that is required for the attainment of left-handed twist states. Chemical analysis of cell walls obtained from right-and left-handed macrofibers produced in the presence and absence of D-alanine, respectively, failed to reveal twist state-specific differences in the overall composition of either peptidoglycan or wall teichoic acids.
Autolytic enzyme-deficient mutants of Bacillus subtilis can be grown as multistranded helical structures termed macrofibers. Twist states in these structures are established during growth and maintained throughout the lifespan of the structures when cultural conditions are kept constant (7, 8) . The twist, which can span the entire spectrum from tight left-handedness to tight right-handedness, is thought to reflect a wide range of conformational states attained by the bacterial cell surface (10, 11) . For any given set of conditions, a macrofiber strain always produces structures of a single twist state, indicating that all the cells within each macrofiber assemble their surfaces following the same geometrical arrangement (11) . Although genetically determined, twist state is profoundly affected by the composition of the growth medium, temperature, specific ions, proteases, lysozyme, and possibly water activity (4, (10) (11) (12) . These factors are thought to operate by regulation of cell surface assembly during growth and by control of interactions within the cell wall (13) . D-Alanine is predominantly found in two cell surface components, peptidoglycan and teichoic acid. Its presence has also been reported in two membrane proteins (2, 14) . In peptidoglycan, D-alanine participates in the cross-linkage of neighboring polymers (14) . In teichoic acid, ester-linked D-alanine substitutions affect the charge status of the polymer (14) . The function of the D-alanine-containing membrane proteins has not yet been determined.
We report here the basic features of regulation of twist development by D-alanine and its effects on establishment of twist states. Another paper (9) describes strains that undergo two helix hand transitions as a function of D-alanine concentration and studies of the interaction between D-alanine and D-cycloserine in twist determination.
MATERIALS AND METHODS
Strains. The B. subtilis 168 strains used in the investigation and their macrofiber phenotypes are given in Table 1 .
Media and growth conditions. The complex medium TB consisted of (in grams per liter of water): Bacto tryptose (Difco Laboratories), 10; Bacto beef extract (Difco), 3; and NaCl, 5. The medium was supplemented with uracil (20 ,ug/ml final concentration) and thymine (20 ,ug/ml final concentration). The medium referred to as T consisted of 10 g of Bacto tryptose (Difco) per liter of H20. The enriched minimal medium Si consisted of the following (in grams per liter): (NH4)2SO4, 2.0; K2HPO4, 14.0; KH2PO4, 6.0; sodium citrate 2H20, 1.0; MgSO4 -7H20, 0.2; plus glucose, 0.5% (wtlvol); casein hydrolysate, 0.2% (wt/vol); and 20 ,ug of each required growth factor per ml (6, 10, 12) . Established methods for macrofiber cultivation were followed (7) . Supplements to the basic media are described in the context of each experiment. Large volumes of macrofibers for chemical analysis of cell walls were produced by growth in aluminum trays (47 by 35 cm), each containing 500 ml of culture. A 7-liter volume was first inoculated with macrofiber fragments and then dispensed into 14 trays. After growth (18 h at 20°C or 4 h at 48°C), the cultures were pumped directly into chilled flasks, and macrofibers were allowed to sediment by gravity at 4°C for 4 h. The biomass was then collected and further concentrated by centrifugation at 10,000 rpm for 20 c The dal macrofiber-producing strain was constructed in this laboratory.
was determined by microscopy as described previously (7) . Quantitative values of static twist were obtained by the method of Mendelson et al. (11) . This involved measurement of the pitch angle of surface filaments in macrofibers as a function of macrofiber diameter. The data were obtained from phase-contrast micrographs. Static twist (turns per millimeter) values were calculated from these measurements in the same manner as is done with textile fibers (11) . Isolation and purification of cell walls. Batch cultures of B. subtilis 168 were harvested at an optical density (600 nm) of 0.6 by centrifugation. Macrofibers grown in static cultures were harvested as described above. The method of wall purification was essentially that of Fein and Rogers (5) . The cells were washed twice with cold saline, suspended in 50 ml of 4% sodium dodecyl sulfate, and incubated at 100°C for 20 min. Detergent was removed by washing. The pellets were suspended in sodium phosphate buffer (0.05 M, pH 7.0) and disrupted by sonication (Sonifier, W 350; Branson Sonic Power Co.) until 80 to 90% of the cells were broken (estimated by microscopy). Unbroken cells were removed by centrifugation. The wall fragments were treated with DNase (250 ,ug/ml) and RNase (1 mg/ml) at 4°C for 60 min. The fragments were collected and suspended in Tris hydrochloride buffer (50 mM, pH 8.0). Trypsin (500 ,ug/ml) was added, and the mixture was incubated for 4 h at 37°C. The wall fragments were then washed several times, suspended in deionized water, and extracted with 40% phenol (final concentration) at 0°C for 30 min. Finally the emulsion was centrifuged at 12,000 rpm for 20 min. The milky white layer from the interface was carefully collected and washed several times with cold deionized water until residual phenol was removed. The purified walls were lyophilized and stored at -20°C.
Analytical procedures. The methods of Fein and Rogers (5) were followed. Purified walls (2.5 mg) were hydrolyzed with 6 N, 4 N, and 2 N hydrochloric acid at 100°C for 16, 4, and 2 h, respectively. HCI was removed by suspending the preparations in deionized water and drying them over NaOH pellets under vacuum repeatedly until no acid could be detected. The residues were dissolved in water and stored at -200C.
Amino acids and amino sugars were determined by using the 6 N and 4 N samples, respectively, with a Beckman automated amino acid analyzer (model 121). Peak areas were determined with a Spectro Physics 4000 central processor. Arginine and valine were used as internal standards in each run.
Ester-linked D-alanine substitution on teichoic acid was determined by alkaline hydrolysis of the ester bond with 100 mM ammonium hydroxide for 6 h at 23°C. The material liberated from walls was washed in vacuo and suspended in water. The residue remaining after the alkali treatment was hydrolyzed with 6 N HCI for 16 h. The alanine content of both the liberated material and that left in the residue was determined as above.
Glycerol, glucose, phosphate, and glucuronic acid contents of walls were determined as follows. A sample of the hydrolysate produced by 2 N HCI was brought to 0.05 M NH4HCO3 and digested with alkaline phosphatase (1. for 18 h at 23°C. The samples were incubated in a boilingwater bath for 5 min, and insoluble material was removed by sedimentation in a microfuge (Beckman model 5414). Glycerol was determined in the supernatant by using glycerokinase (EC 2.7.1.30) and glycerol dehydrogenase (EC 1.1.1.6) as described by Weiland (15) . The glucose content of wall hydrolysates was determined in reactions catalyzed by glucose oxidase (EC 1.1.3.4) and peroxidase (EC 1.11.1.7) as outlined in Sigma Technical Bulletin No. 510. For total phosphate determination, samples of 2 N hydrolysate were mixed with 10% Mg(NO3)2 (in ethanol) and evaporated to dryness over a flame. The inorganic form of phosphate produced by the ashing was determined with ascorbicmolybdate solution as described by Ames and Dublin (1). Glucuronic acid content in various samples was estimated by the procedure of Dische (3).
Inhibitors and enzymes. All inhibitors and enzymes used were purchased from Sigma Chemical Co., St. Louis, Mo.
RESULTS
Survey of cell wall components for twist-regulating activity. Macrofiber-producing strain A734, known from previous studies to be capable of producing structures over the entire twist spectrum (from tight left-to tight right-handedness), was used to search for exogeneously added factors that influence the development of twist. All the major components of the cell wall polymers were surveyed for activity. Each compound was tested for influence on twist development of both left-and right-handed structures grown in S1 and TB medium, respectively. The addition of D-alanine resulted in a large change in the twist state of structures produced in its presence compared with those produced in its absence (Table 2) . When approximately 2 mM D-alanine (final concentration) was present in S1 or TB medium, the structures produced were +38 or +48 turns/mm, respectively, more rightward than those observed in its absence. Although strain A734 carries a wild-type alanine racemase, no effect of L-alanine on twist development was found. Among the other compounds tested, N-acetylglucosamine, diaminopimelic acid, galactosamine, and glucosamine also influenced twist development in the rightward direction, but not uniformly in both S1 and TB media. In TB medium, N-acetylglucosamine was nearly as effective in changing twist development as was D-alanine, whereas in S1 medium it brought about a change in twist equal to only about 25% of that resulting from growth in D-alanine.
Relationship between D-alanine concentration and twist development. The relationship between D-alanine concentration in the growth medium and resultant macrofiber twist was examined. In TB medium, both A734 and a D-alaninerequiring strain that carries the dal-1 allele, 2C8, responded in a similar manner. Increasing concentrations of D-alanine resulted in progressively tighter right-handed macrofibers (Fig. 2) . Under the conditions used, the absence of D-alanine led to right-handed structures of A734 but, as expected, no growth of 2C8. At concentrations of D-alanine below 0.45 mM, strain 2C8 grew as disorganized structures of indeterminate helix hand. In addition, the cells were swollen and the structures were kinked. We refer to this state as stressed. At a D-alanine concentration of 0.45 mM, the degree of stress had decreased sufficiently to enable regions of organization to form. These structures were found to be left- A comparison was made of the static twist of structures produced by a number of macrofiber strains grown in TB and S1 and mixtures thereof in the absence and presence of 0.22 mM D-alanine. The response to D-alanine was constant over the entire twist spectrum (Fig. 3) . Medium T was used to produce FJ7 and A734 macrofibers in the presence of various concentrations of D-alanine, and the twist states of the resulting macrofibers were determined by using the qualita- tive comparison scale described above. Virtually the entire twist spectrum could be achieved as a function of D-alanine concentration in this system (Fig. 4) . In addition, it was found that L-alanine in the same concentration range did not significantly alter twist production.
Effects of D-alanine in the presence of ammonium sulfate. To evaluate the potency of D-alanine as a right factor, its ability to antagonize the effect of ammonium sulfate, a compound known to strongly modulate twist establishment in the leftward direction, was studied. Macrofiber fragments of strain FJ7 (the strain from which A734 was derived) were seeded in T medium containing various concentrations of both D-alanine and ammonium sulfate. The fragments were incubated at 20°C, and the twist states of the macrofibers produced were determined. The concentration of D-alanine (4.5 mM) required to produce a right-handed structure of twist value +2 overcame the influence of the amount of ammonium sulfate that would, when present by itself, cause formation of tight left-handed structures (twist -5) ( Table 3) . At this concentration of D-alanine, increasing the amount of ammonium sulfate resulted in structures of greater righthanded twist. Thus, once sufficient D-alanine was present, its influence predominated over the entire range of ammonium sulfate concentrations. The predominant effect of D-alanine on twist establishleft-hand inversion (Table 5 , treatment A) closely resembled ment can also be seen in strain PS6,uB, a mutant fixed in the that of a comparable temperature-induced inversion. Rightleft-hand domain at all growth temperatures. Although Dhanded structures subjecte-l to a period of growth in the alanine addition did not cause the production of right-handed absence of D-alanine and then returned to initial conditions structures in this very tight left-handed mutant, there was a underwent a transient inversion to left-handedness (treatdrastic reduction of left-handed twist (Table 4) temperature system (4). In the temperature system, as well D-Alanine effects in the right-hand domain of the twist as in another inversion induction system (the nutrition spectrum were examined with strain 8-4A. The pattern system [16] ), it has been shown that protein synthesis per se obtained indicated complete predominance of the D-alanine is required during the inversion induction process for a rightinfluence over that of ammonium sulfate. In the absence of to left hand inversion rather than simply cell growth during D-alanine, a leftward influence of ammonium sulfate was the induction period. In all systems and for inversion in noted, but there was no direct correlation betwecn conceneither direction, growth is required, however, to achieve the tration and the degree of leftward shift. D-Alanine at 2. Chloramphenicol (CAM) was added to a final concentration of 100 ,ug/ml. When both D-alanine and chloramphenicol were present, they were added simultaneously. See also conclude that the effect of D-alanine on the establishment of twist states must involve a mechanism specific to cell wall polymer assembly that is sensitive to the size of the Dalanine pool. The effect moreover appears to involve the D-isomer directly; the alanine racemase-deficient macrofiber strain 2C8 responded in the same manner as other racemaseproficient strains, and in either case similar concentrations of L-alanine had no effect on twist.
The properties of macrofiber twist regulation by D-alanine were compared with those of other known systems of twist regulation. The rightward influence of D-alanine overcame that of the most potent left-factor currently available (ammonium sulfate). This predominance was observed in all strains examined, including strains fixed as left-or righthanded structures as a function of temperature, as well as those capable of inversion. It appears that D-alanine operates at a more fundamental level in the regulation of twist state formation than do ammonium sulfate and temperature. There are many similarities between the D-alanine system and other systems of twist regulation, however, particularly with respect to the kinetics of helix inversion and the involvement of a cell surface protein in the establishment of left-handed twist states. As has been demonstrated for the temperature-induced inversion, the mechanism affected by D-alanine must operate at the time of nascent cell surface assembly, and the cell surface components affected apparently move through the cell wall to the surface in a similar manner.
Purified walls from macrofibers grown as left-and righthanded structures in the presence or absence of D-alanine, respectively, were examined by standard analytical procedures to determine the composition of peptidoglycan and teichoic acid. Particular attention was given to the amount of D-alanine in both polymers. Although a number of differences in the overall composition of the cell wall were observed in samples from macrofibers grown in the presence or absence of D-alanine, a clear interpretation of the data relative to twist determination cannot yet be given. Measurements of peptidoglycan cross-linking and other structural details such as monomer, dimer, and trimer subunit composition must first be obtained.
The antagonism of the right-factor activity of D-alanine by D-cycloserine (9) 
